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SURFHVVHVKDYHEHHQGHYHORSHGZKLFKDOORZ WKH ODWHUDO VXEPDQGYHUWLFDOQPSUHFLVLRQKLJKTXDOLW\VWUXFWXULQJ
ZLWKD ORZVXUIDFH URXJKQHVVHJ ODVHUHWFKLQJXVLQJDVXUIDFHDGVRUEHG OD\HU /(6$/>@ ODVHULQGXFHGEDFN
VLGH GU\ HWFKLQJ /,%'( >@ ODVHULQGXFHG EDFN VLGH ZHW HWFKLQJ /,%:( > @ ODVHULQGXFHG IURQW VLGH
HWFKLQJ /,)( >@DQG ODVHULQGXFHG IURQW VLGHHWFKLQJXVLQJVHOIUHJHQHUDWLQJDGVRUEHU OD\HU 6$//,)( >@
7KHXVDJHRIQDQRVWUXFWXUHGPHWDO ILOPVDVDEVRUEHUPDWHULDODOORZV WKHQDQRVWUXFWXULQJRI WKHGLHOHFWULFVXUIDFHV





UHOHFWLRQ DQG WUDQVPLVVLRQPHDVXUHPHQWV >@ 7KH KLJK IOXHQFH UHVXOWV LQ D QDQRVWUXFWXULQJ RI WKH GLHOHFWULF
VXUIDFHLQGXFHGE\DQDEODWLRQSURFHVV>@7KHODVHULQGXFHGPROWHQSKDVHWUDQVIRUPDWLRQLVZHOO
NQRZQ>±@7KHVWUXFWXUHGPHWDO OD\HUDVVLVWHG ODVHULQGXFHGQDQRVWUXFWXULQJRIGLHOHFWULFVXUIDFHVFDQEH
SK\VLFDO GHVFULSWHG E\ FRQVLGHUDWLRQ RI SKRWRQ±VROLG LQWHUDFWLRQ > @ HQHUJ\ GLVVLSDWLRQ LQFOXGLQJ SKDVH
WUDQVLWLRQDQG OLTXLG±VROLG LQWHUDFWLRQ IRUPDWLRQ LQXQVWDEOH WKLQ OLTXLG ILOPVDQGRWKHU UHVXOWV >±@7KH
SKRWRQVROLGLQWHUDFWLRQFDQEHGHVFULEHGE\DKHDWHTXDWLRQXVLQJILQLWHHOHPHQWPHWKRGHJVROYHGE\&RPVRODQG
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GURSV RI WKLV PL[WXUH ZHUH DSSOLHG RQWR WKH VXEVWUDWH:LWK WKLV DSSURDFK D FRORXUIXO PRQROD\HU RI 36 VSKHUH
VSUHDGLQJRXWRQWKHDLUZDWHULQWHUIDFHZDVREVHUYHG$GURSRI6'6ZDVDGGHGSXVKLQJWKHVSKHUHVLQWRDFORVHO\
SDFNHGDVVHPEO\7KHZDWHUOHYHOZDVVOLJKWO\UDLVHGDQGPRUHK\GURSKLOLFVXEVWUDWHVZHUHLPPHUVHGLQWRWKHZDWHU
EHQHDWK WKH PLFURVSKHUH OD\HU )LQDOO\ WKH ZDWHU OHYHO ZDV UHGXFHG DJDLQ XQWLO WKH PRQROD\HU WRXFKHG WKH
VXEVWUDWHV7KHUHPDLQLQJDPRXQWRIZDWHUHYDSRUDWHGRYHUQLJKWDWURRPWHPSHUDWXUH
7R 67(3 E 'HSRVLWLRQ RI WKH FKURPLXP 7KH GULHG VXEVWUDWHV ZHUH WUDQVIHUUHG LQWR DQ XOWUDKLJK YDFXXP










IDEULFDWLRQRI D UHFWDQJXODUKRPRJHQHRXVEHDPSURILOH LQ WKH LPDJHSODQH UHJXODU FRQWUROOHGE\ DEHDPSURILOHU
)XUWKHUWKHODVHUVKDSHGFKURPLXPWULDQJOHRQIXVHGVLOLFDZDVLUUDGLDWHGZLWKKLJKHUODVHUIOXHQFHVUHVXOWLQJLQWKH
HYDSRUDWLRQ RI WKH FKURPLXP DQG ILQDOO\ LQ WKH VWUXFWXULQJ RI WKH IXVHG VLOLFD VXEVWUDWH 67(3 E 7KH ODVHU
VKDSLQJRIWKHFKURPLXPWULDQJOHV67(3DDVZHOODVWKHVWUXFWXULQJRIWKHIXVHGVLOLFD67(3EZDVSHUIRUPHG
ZLWK YDULDEOH ODVHU SDUDPHWHUV ODVHU IOXHQFH) DQG QXPEHU RI ODVHU SXOVHV 1 7KH ODVHUWUHDWHG VXUIDFHV ZHUH
DQDO\VHGE\VFDQQLQJHOHFWURQPLFURVFRS\6(07RH[FOXGHWKHFKDUJLQJHIIHFWDW WKH6(0LPDJHVWKHVDPSOHV
ZDV FRYHUHGZLWK D a  QP JROG OD\HU E\PDJQHWURQ VSXWWHULQJ)XUWKHU WKH 6(0 LPDJHVZHUH WDNHQ IURP WKH
FHQWUHRIWKHLUUDGLDWHGDUHD
5HVXOWV










RI WKH DYHUDJH VL]HRI WKHELJGURSOHW FDQQRWEHGHWHFWHG%HVLGH WKHZHOO±GHILQHG FKURPLXP WULDQJOHV DOVRPRUH
FRPSOH[PHWDO QDQRVWUXFWXUHV FDQ EH IRXQG DW WKH IRUPHU SRVLWLRQ RI GHIHFWV DW WKH SHULRGLFRUGHUHG SRO\VW\UHQH
VSKHUHV7KHORZODVHUIOXHQFHWUHDWPHQWRIWKLVNLQGRIVWUXFWXUHVDOORZVWKHSURGXFWLRQRIODVHUVKDSHGFRPSOH[
VWUXFWXUHV ,Q )LJ  WRS WZR H[HPSODU\ 6(0 LPDJHV RI FRPSOH[ ODVHUVKDSHG VWUXFWXUHV ZLWK 1  DQG
)aP-FPðDUHGLVSOD\HGZKHUHWKHIRUPHUPHWDOVWUXFWXUHLVPDUNHGZLWKDZKLWHGDVKHGOLQH
 
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7KH DYHUDJH VL]H RI WKH ELJ DQG VPDOO GURSOHWV LV VXPPDUL]HG LQ )LJ  7KH DYHUDJH GLDPHWHU RI WKH VPDOO
GURSOHWVGHFUHDVHGDWLQFUHDVLQJODVHUIOXHQFHZKHUHWKHFKDQJHRIWKHYHUWLFDOHUURUEDUGLVSOD\HGWKHWUDQVIHUIURP
DQ HOOLSWLF ODUJH HUURU EDU WR D FLUFXODU GURSOHW VWUXFWXUH VPDOO HUURU EDU 7R LPSURYH WKH XQGHUVWDQGLQJ RI WKH
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3.2. High-fluence treatment (STEP 2b) 
7KHKLJKIOXHQFHLUUDGLDWLRQRIWKHSUHVWUXFWXUHGPHWDOWULDQJOHVUHVXOWVLQDUHPRYDORIWKHFKURPLXPDQGLQD
VWUXFWXULQJRIWKHIXVHGVLOLFDVXUIDFHZKHUHWKHUHVXOWDQWVWUXFWXUHLVGHSHQGHQWRQWKHODVHUSDUDPHWHUV,Q)LJWKH
VWUXFWXULQJ UHVXOWV LQGXFHG E\ WKH LUUDGLDWLRQ RI ³YLUJLQ´ FKURPLXP WULDQJOHV VHH )LJ D DQG ODVHUVKDSHG
FKURPLXPWULDQJOHVVHH)LJE1 P-FPðDQG)LJFOHIWDWGLIIHUHQWODVHUIOXHQFHVDUHVXPPDUL]HG
i.High-fluence treatment of “virgin” metal triangles 
7KHPXOWLSXOVHLUUDGLDWLRQ1 RIWKHV\VWHPZLWKODVHUIOXHQFHVIURPaWRaP-FPðUHVXOWVLQWKH
IRUPDWLRQRIS\UDPLGDOOLNH VWUXFWXUHV$W IOXHQFHV!P-FPð WKH LUUDGLDWLRQFDXVHV WKH IRUPDWLRQRI WULDQJOH
OLNHVWUXFWXUHVLQWRWKHIXVHGVLOLFDVXUIDFHZKHUHWKHODWHUDOJHRPHWU\RIWKHUHVXOWDQWVWUXFWXUHVLVPDLQO\GHILQHGE\
WKH IRUPHU SRVLWLRQ RI WKH ³YLUJLQ´ PHWDO WULDQJOHV 7KH GHSWK RI WKH VWUXFWXUHV LUUDGLDWHG ZLWK D IOXHQFH
dP-FPð LV DSSDUHQWO\ VPDOOHU WKDQ WKH S\UDPLGDOOLNH VWUXFWXUHV LQGXFHG ZLWK aP-FPð )XUWKHU DW
)P-FPðWKHODWHUDOVL]HRIWKHUHVXOWDQWVWUXFWXUHVLQFUHDVHGZLWKLQFUHDVLQJODVHUIOXHQFH








SRVLWLRQ RI WKH ODVHUVKDSHGPDWHULDOV VHH )LJ F $W ODVHU IOXHQFHV P-FPð WKH LUUDGLDWLRQ UHVXOWV LQ D
VWUXFWXULQJ RI WKH IXVHG VLOLFD ZKHUH WKH UHVXOWDQW VWUXFWXUH LV ORFDOL]HG DW WKH SRVLWLRQ RI WKH IRUPHU FKURPLXP
SRVLWLRQ +RZHYHU WKH UHVXOWDQW VWUXFWXUHV DUH ODWHUDOO\ ODUJHU WKDQ WKH VWUXFWXUHV DW)aP-FP DQG D
WUDQVIHURIWKHODWHUDOJHRPHWU\RIWKHODVHUVKDSHGVWUXFWXUHZHUHQRWGHWHFWHG
 
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7KHRU\
7RLPSURYHWKHXQGHUVWDQGLQJRIWKHSK\VLFDOSURFHVVWKHLQWHUDFWLRQZDVVLPXODWHG,QWKHILUVWVWHSWKHODVHUVROLG






















DDNU &&  

ZKHUHȡGHQVLW\0PHWDOOD\HU6IXVHGVLOLFD7KHPDWHULDOSDUDPHWHUVZHUHWDNHQIURPWKHPDWHULDOGDWDEDVHRI
&RPVRO FSKHDW FDSDFLW\ DW FRQVWDQW SUHVVXUH 7WHPSHUDWXUH U U[\] VSDWLDO FRRUGLQDWH WWLPH
țWKHUPDO FRQGXFWLYLW\ ĭODVHU IOXHQFH D ODWHUDO KRPRJHQHRXV ODVHU UDGLDWLRQ ZDV DVVXPHG 5RSWUHIOHFWLYLW\
'WSSXOVH GXUDWLRQ 7KH UHDO WLPHEHKDYLRXURI WKH ODVHUEHDPZDV HVWLPDWHGE\ D UHFWDQJXODU ODVHU EHDPZLWK D
SXOVHGXUDWLRQRIQVĮDEVRUSWLRQFRHIILFLHQWĮ QP>@7KHKHDWHTXDWLRQ(TZDVQXPHULFDOO\









GHSHQGHQF\UHGOLQHFRHIILFLHQWRIGHWHUPLQDWLRQ5ð 'W/) QVǜP-FPðͼ)P-FPð 
,Q)LJDWKHVLPXODWHGWHPSHUDWXUHILHOGLQWKH&UWULDQJOHIXVHGVLOLFDV\VWHPLVVKRZQIRU) P-FPðGLUHFWO\
DIWHU WKH ODVHUSXOVH7KHFDOFXODWHG WHPSHUDWXUHGLVWULEXWLRQSUHVHQWHG WKDW WKH WHPSHUDWXUHDIWHU WKH LUUDGLDWLRQ LV
DOPRVW FRQVWDQW +RZHYHU DW WKH YHUWLFHV RI WKH FKURPLXP WULDQJOHV WKH FDOFXODWHG WHPSHUDWXUH LV VPDOOHU
)XUWKHUPRUH WKH WLPHGHSHQGHQW WHPSHUDWXUH GLVWULEXWLRQ DOORZV WKH HVWLPDWLRQRI WKH OLIH WLPH RI WKH FKURPLXP
OLTXLGSKDVHZKHUHWKHOLIHWLPHǻW/4)6&UWLPHUDQJHǻW WPD[WPLQGHILQHGE\WKHFRQGLWLRQ7[\PLGGOHRIWKH










LF ) )'W     

IRU FKURPLXP ZLWK D GHWHUPLQDWLRQ FRHIILFLHQW RI 5ð! 7KH HVWLPDWHG OLTXLG SKDVH OLIH WLPH LV SRVVLEO\
RYHUHVWLPDWHGVLQFHPHOWLQJDQGHYDSRUDWLRQHQWKDOS\DUHQRWFRQVLGHUHG%DVHGRQWKHDQDO\WLFDSSURDFK(TDQG
VHHUHGOLQH)LJEDWKUHVKROGIRUWKHOLTXLGSKDVHIRUPDWLRQRIaP-FPðFDQEHHVWLPDWHG
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'LVFXVVLRQ
5.1. Low-fluence treatment (STEP 2a)7KHLUUDGLDWLRQRIWKHFKURPLXPWULDQJOHVRQIXVHGVLOLFDUHVXOWVLQDQ
LQFUHDVLQJRI WKH WHPSHUDWXUH LQ WKH FKURPLXPGXH WR WKH DEVRUSWLRQRI WKH ODVHU UDGLDWLRQE\ WKHPHWDO VHH HJ
WKHRUHWLFDOSUHGLFWLRQ)LJD$WVXIILFLHQWODVHUIOXHQFHVWKHLUUDGLDWLRQSURFHVVUHVXOWVLQDPHOWLQJRIWKHPHWDO




EH³IUR]HQ´ LQGLIIHUHQWSUHVWDJHVHJE\ WKHYDULDWLRQRI WKH ODVHU IOXHQFHV VHH)LJE$W WKLQKRPRJHQHRXV
OD\HUVWKHGURSOHWIRUPDWLRQWLPHFDQEHHVWLPDWHGZLWK

     











5.2. High-fluence treatment (STEP 2b)7KHKLJKIOXHQFHLUUDGLDWLRQRIWKHODVHUVKDSHGFKURPLXPWHPSODWHRQIXVHG
VLOLFD UHVXOWV LQ D UHPRYDO RI WKHPHWDO DQG LQ D SDUWLDO UHPRYDO RI WKH IXVHG VLOLFD VXEVWUDWHZKHUH WKH UHVXOWDQW
VWUXFWXUHVDUHGHSHQGHQWRQWKHODVHUIOXHQFH,Q)LJWKHGLIIHUHQWUHVXOWVRIWKHIXVHGVLOLFDVWUXFWXULQJSURFHVVDUH
VFKHPDWLFDOO\ LOOXVWUDWHG 7KH ORZ ODVHU IOXHQFH LUUDGLDWLRQ 67(3 D RI WKH FKURPLXP WULDQJOHV RQ IXVHG VLOLFD
UHVXOWV LQ WKH VKDSLQJ RI WKHPHWDO VWUXFWXUH DW VXLWDEOH ODVHU SDUDPHWHUV ,W LV DVVXPHG WKDW WKH VKDSLQJ SURFHVV
67(3DLQGXFHVDPRGLILFDWLRQRIWKHIXVHGVLOLFDVXUIDFHXQGHUWKHIRUPHUSRVLWLRQRIWKHFKURPLXPWULDQJOH$
VXUIDFHORFDOL]HG IRUPDWLRQRI D&U[6L\2 LV FRQFHLYDEOH+RZHYHU WR LPSURYH WKHFRQFHSWRI WKH IRUPDWLRQRI D
PRGLILFDWLRQ OD\HU IXUWKHU PHDVXUHPHQWV DUH QHFHVVDU\ HVSHFLDOO\ WUDQVPLVVLRQ HOHFWURQPLFURVFRS\ 7(0 ZLOO
DOORZ DQDO\VLQJ WKH PRGLILFDWLRQ $W ODVHU IOXHQFHV d-FPð WKH ODVHU IOXHQFH LV WRR ORZ IRU WKH FRPSOHWH




















z ''' ) U









VHH)LJ ZKHUH DQ LQKRPRJHQHRXVPRGLILFDWLRQ OD\HU LV OLNHO\ )XUWKHU DW KLJK ODVHU IOXHQFHV-FPð WKH
LUUDGLDWLRQ RI WKH ³YLUJLQ´ DQG ODVHUVKDSHG V\VWHP KDV DQ DOPRVW HTXDO UHVXOW $W PRGHUDWH ODVHU IOXHQFHV
-FPðDVLJQLILFDQWGLIIHUHQFHEHWZHHQWKHUHVXOWVZLWK³YLUJLQ´DQGODVHUVKDSHGWULDQJOHVFDQEHGHWHFWHG$W
WKLV IOXHQFH UDQJH D VXFFHVVIXO WUDQVIHU RI WKH ODWHUDO JHRPHWU\ RI WKH ODVHUVKDSHG FKURPLXP WULDQJOH FDQ EH
DFKLHYHG
7KH GLIIHUHQFH EHWZHHQ WKH KLJK DQG PRGHUDWH ODVHU IOXHQFHV UHJLPH FDQ EH PRVW OLNHO\ H[SODLQHG E\ WKH
VXSSRVHGPRGLILFDWLRQOD\HUZKLFKDEVRUEHGWKHHQHUJ\,QERWKFDVHVWKHODVHUUDGLDWLRQLVDEVRUEHGE\WKHPHWDO
DQGWKHPRGLILFDWLRQOD\HU$WKLJKODVHUIOXHQFHVWKHILUVWODVHUSXOVHLQGXFHVDUHPRYDORIWKHUHVLGXDOPHWDODQGD
VWUXFWXULQJRI WKH XQGHUO\LQJ IXVHG VLOLFD DQG WKH IXUWKHU ODVHU SXOVHV DUH DEVRUEHGE\ WKHPRGLILFDWLRQ OD\HU DQG
LQGXFHDIXUWKHUUHPRYDOSURFHVV7KLVSURFHVVLVVHOIUHVWULFWHG




7KH ORZIOXHQFH LUUDGLDWLRQ RI FKURPLXP WULDQJOHV DOORZV WKHZHOOGHILQHG VKDSLQJ RI WULDQJOHV DQG WKH KLJK
IOXHQFHLUUDGLDWLRQDOORZVWKHVXFFHVVIXOWUDQVIHURIWKHODVHUVKDSHGJHRPHWU\LQWRWKHGLHOHFWULFVXUIDFH7KHUHE\
WKHSUHVHQWHGPHWKRGDOORZV WKH HDV\ FRVW HIIHFWLYH DQG IDVW QDQRVWUXFWXULQJRIGLHOHFWULF VXUIDFHVZLWK FRPSOH[
VWUXFWXUHV7KHPHWKRGH[KLELWVDSRWHQWLDOIRUWKHIDEULFDWLRQRIRSWLFDOHOHPHQWV
$FNQRZOHGJHPHQWV
:HDUHJUDWHIXO IRU IXQGLQJ IURP WKH*HUPDQ5HVHDUFK)RXQGDWLRQ ')*'HXWVFKH)RUVFKXQJVJHPHLQVFKDIW
XQGHU/2
 































>@ /RUHQ] 3 (KUKDUGW 0 =LPPHU .  /DVHU,QGXFHG IURQW 6LGH (WFKLQJ $Q (DV\ DQG )DVW 0HWKRG IRU 6XEȝP 6WUXFWXULQJ RI
'LHOHFWULFV3K\VLFV3URFHGLD±
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